Abstract A number of (semi-)analytical solutions are available to drawdown analysis and leakage estimation of shallow aquifer-aquitard systems. These solutions assume that the systems are laterally infinite. When a large-scale pumping from (or injection into) an aquifer-aquitard system of lower specific storativity occurs, induced pressure perturbation (or hydraulic head drawdown/rise) may reach the lateral boundary of the aquifer. We developed semi-analytical solutions to address the induced pressure perturbation and vertical leakage in a "laterally bounded" system consisting of an aquifer and an overlying/underlying aquitard. A one-dimensional radial flow equation for the aquifer was coupled with a one-dimensional vertical flow equation for the aquitard, with a no-flow condition imposed on the outer radial boundary. Analytical solutions were obtained for (1) the Laplace-transform hydraulic head drawdown/rise in the aquifer and in the aquitard, (2) the Laplace-transform rate and volume of leakage through the aquifer-aquitard interface integrated up to an arbitrary radial distance, (3) the transformed total leakage rate and volume for the entire interface, and (4) the transformed horizontal flux at any radius. The total leakage rate and volume depend only on the hydrogeologic properties and thicknesses of the aquifer and aquitard, as well as the duration of pumping or injection. It was proven that the total leakage rate and volume are independent of the aquifer's radial extent and wellbore radius. The derived analytical solutions for bounded systems are the generalized solutions of infinite systems. Laplace-transform solutions were numerically inverted to obtain the hydraulic head drawdown/rise, leakage rate, leakage volume, and horizontal flux for given hydrogeologic and geometric conditions of the aquifer-aquitard system, as well as injection/pumping scenarios. Application to a large-scale injection-and-storage problem in a bounded system was demonstrated.
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Introduction
A number of analytical or semi-analytical solutions have been developed in the past decades for analyzing drawdown induced by pumping from a permeable aquifer, which is underlain and/or overlain by aquitards. More recent solutions differ from earlier work by making less restrictive assumptions on flow conditions in the aquitard, representing more realistic aquitards, and achieving more accurate model prediction (Theis 1935; Hantush and Jacob 1955; Hantush 1960; Neuman and Witherspoon 1969; Moench 1985; Cheng and Morohunfola 1993; Ramakrishnan and Kuchuk 1993) . For example, Hantush (1960) accounted for the storage of the aquitards, assumed to be negligible by Hantush and Jacob (1955) , and for the leakage through the aquitards from neighboring aquifers into the pumped aquifer, assumed to be negligible by Theis (1935) . Moench (1985) developed a semi-analytical solution for drawdown in both the aquifer and the aquitards, by taking into account the wellbore storage and skin effect of a large-diameter pumping well. Using pumping tests, these analytical or semi-analytical solutions have been extensively applied to calibrating the hydrogeologic properties of aquifers and aquitards.
In addition, the applications of these analytical solutions have been extended to analyze pumping-induced leakage into the pumped aquifer from the aquitards and through the aquitards from neighboring aquifers (Hantush 1964; Cheng and Morohunfola 1993; Butler and Tsou 2003; Zhan and Bian 2006; Konikow and Neuzil 2007) . For example, Zhan and Bian (2006) presented a semi-analytical solution for the leakage rate and volume over the entire time domain, with closed-form analytical solutions for late steady-state conditions, by focusing on the leakage through aquitards of no storativity. In reality, however, depletion of storage in low-permeability aquitards is the source of much of the groundwater produced from many confined aquifer systems (Konikow and Neuzil 2007). In deep sedimentary rock, highpermeability aquifers are often overlain and/or underlain by much thicker lower-permeability aquitards or seals, which may have a high capacity for storage and attenuating pressure perturbation (or hydraulic head drawdown) induced in the pumped aquifer. Similar to pumping for water supply, injection into deep aquifers often has importance to isolation of environmental wastes.
One limitation of the existing (semi-)analytical solutions stems from the assumption that the pumped/injected aquifer is generally of infinite areal extent. This assumption may limit direct applications of the models to large-scale pumping and injection problems. For example, industrial-scale injection of carbon dioxide (CO 2 ) into deep sedimentary formations is currently studied as a means of mitigating greenhouse gas effects and climate change. Injection of large amount of CO 2 (millions of metric tonnes) results in pressure perturbation (or hydraulic head rise) propagating as far as 100 km away from the injection zone (e.g., Birkholzer et al. 2008) , significantly larger than the extent of the developed CO 2 plume. This large-scale impact on pressure perturbation out of the injected fluid plume is beyond the analysis of pumping tests in many textbooks (Vukovic and Soro 1992; Batu 1998; Cheng 2000) . Such pressure-perturbation propagation may thus encounter the formation's lateral boundaries. Numerical simulations may be employed to predict the injection-induced pressure perturbation in laterally bounded aquifers and the leakage into overlying/underlying aquitards and neighboring aquifers (e.g., Zhou et al. 2008) . Alternatively, pressure perturbation and leakage in a bounded system may be obtained using image well theory with the existing solutions
